This paper focuses on the effect of temperature on the frequency response function (FRF) of three different structural adhesives; namely a two component methylmethacrylate (HBM X60), a modified silane (Terostat 939) and a cyanoacrylate (Loctite 454). The structural adhesives are commonly used in vibration analysis to mount accelerometers on structures or machines. The stiffness of the adhesive can influence the response function on large frequency band, affecting the proportional excitation between the structure and the accelerometer. In the "system structure + adhesive + accelerometer", the adhesive may acts like a filter between the source and the sink of vibrations. A variation of the dynamic response of the filter could lead to an erroneous analysis. The authors already investigated the relation between the frequency response function and operating conditions of the test. This paper expands the research by considering the temperature effect in order to depict a complete picture of the adhesive behavior on dynamic response of an accelerometer. A design of experiments (DOE) approach was used to test two bonded aluminum bases at different levels of temperature and frequency of the external sinusoidal excitation, supplied by an electromagnetic shaker. The results clearly demonstrate that the adhesive is not able to change the system response, therefore the signal transmission is good in the entire range of temperature regardless the adhesive chosen.
Introduction
Accelerometers are widely used in reliability and maintenance services to perform analysis and condition monitoring of mechanical components and systems. Most common faults in machines are due to rotating components, such as bearings, gears and shafts. The coupling between the rotating part and the frame of the machine is subject to wear, to fatigue effects, poor lubrication or changing environmental conditions. As far as the wear increases the mechanical component breaks, causing unexpected stops of the machine and subsequent economic loss due to lack of production. The accelerometer is a sensor that detects and acquires vibrations of the component it is fixed to, allowing an early detection of the wear before it causes severe damage to the machine, avoiding unexpected stops. Among the so-called Non-Destructive Testing techniques [1] , the vibration analysis has a relatively low costs for the sensor and an easy set-up on the machine. All the vibration measurements are normally performed by means of a piezoelectric accelerometer or based on Micro Electro-Mechanical Systems (MEMS) technology. The development of both MEMS and piezoelectric technology leads to better products, resistant to environmental agents, with small dimensions and a great bandwidth. The application of MEMS in many technological products, such as smartphones and gaming application makes these devices extremely low price and very interesting for the vibration monitoring. The introduction of the piezoelectric accelerometer was in the '50s while MEMS technology comes lately, thus a relevant amount of papers on signal processing can be found in technical literature, setting the state of the art on vibration analysis so far [2] . Despite the thousands of papers dealing with the problem of vibration signal processing, there are only few papers which focus on a correct setup of the vibration sensors, even though it is crucial for every accelerometer applications [3] . This practical aspect is mainly based on the information retrievable in university courses on vibrations analysis, either on personal experience or to information given by the accelerometer suppliers [4] [5] [6] . The supplier' guidelines usually focus on a specific aspects of the accelerometer setup, the mounting between the sensor and the surface of the component. The main solutions available are: screw mounting, stud mounting, magnetic mounting, adhesive mounting and probe mounting. Each method has a specific field of application depending on: the working temperature, the mounting surface conditions, the accessibility to the specific mounting point, etc. A detailed description of all the mounting techniques could be find in classic handbook on shock and vibration [7] . Among other techniques, the adhesive and the screw/stud mounting are the most typical. These mounting techniques result in a rigid connection with high stiffness and wide frequency range response. Compared to screw/stud mounting, structural adhesives are more reliable in the fastening of sensors and accelerometers, since they provide a simple and quick mounting without the need of permanent mechanical processing, such as threaded holes, on the chassis of the machine as stated by Harris [7] as well, while the stud/screw mounting allows a quicker setup on the sensor. In a previous work [8] , the authors focuses on the adhesive mounting of accelerometers, assessing experimentally the dynamic response of three different adhesives which cover the most common type of structural adhesive used in on-field applications; namely a two component methylmethacrylate, HBM X60 [9] , a cyanoacrylate, Loctite 454, [10] and a modified silane, Terostat 939 [11] . Often it is believed that "soft and rubbery" adhesives, which works above their glass transition temperature, like the modified silane could not be used in this type of application. Secondary objective of the paper is to prove if this sentence, retrievable in literature but with little evidence, is true. By means of an electrodynamic shaker, a design of experiment approach was proposed consisting of three variables in the experimental plan: adhesive type, frequency and amplitude of the vibration signal. The main results proved that the transfer function of the adhesive layer does not distort the signal regardless of the type of adhesive. In this paper, a further step of that research is proposed, investigating the influence of the temperature on dynamics response of the above-mentioned adhesives. The effect of temperature on the adhesives was studied in technical literature [12] and also by other authors [13] [14] [15] [16] , but scarce information is retrievable on their viscoelastic properties at different temperature when in thin films. The global information is related to their polymeric nature, therefore softer adhesive are more affected by temperature and tend to relax more than the stiffer ones when temperature increase. The aim of the paper is to estimate which is the effect of the adhesive film used to join the parts in terms of vibration monitoring and signal transmission. The adhesives are used to join two aluminum bases, the first one connected with a threaded coupling to an accelerometer and the second one coupled with the head of electromagnetic shaker. The specimens are placed in climatic chamber together with the shaker and the sensors. The description of the experimental procedure and the detailed experimental set up are shown in "Experimental Set-up". The Materials and Method section describes as well the design of experiment approach used. It consists of four variables in the experimental plan: adhesive type, frequency, amplitude of the control signal and temperature of the climatic chamber. The amplitude and the frequency are chosen in order to explore the entire range of the electromagnetic shaker available in the laboratory, while the temperature spans the range available on the climatic chamber (23
• C -80 • C). A finite element modal analysis, reported in "Finite Element Model", was carried out in order to estimate numerically the influence of the adhesive layer on the resonant modes of the structures. The results confirm the little influence of the adhesive layer, due to its very low thickness. The "Post-Processing of the Experimental Data" shows the detail of the post processing procedure carried out on the experimental data. The signal is post-processed through a LabVIEW environment and four significant output parameters are extracted: the spectral amplitude of the excitation frequency (Spectral Amplitude -SA), the percentage of signal energy stored at the excitation frequency (Stored Energy -SE), and their weight percent over a reference specimen (Spectral Amplitude Ratio -SAR -and Stored Energy Ratio -SER -respectively). These data are elaborated with a statistical software to evaluate which variable affects the system responses and which is the adhesive's effect on the vibration monitoring. The "Statistical Analysis of the Results: Analysis of Variance" exploits the ANOVA (Analysis of Variance) technique to estimate which are the most significant effects on the responses by means of half normal plots and variable interactions diagrams. In the conclusions we present some interesting consideration about the adhesive bonding of the accelerometers and some practical hints useful in laboratory and industrial environment are presented.
Methods and Materials

Design of Experimental Plan
The Design of Experiments (DoE) method was developed to optimize the experimental tests especially for multiple variables involved in a problem [17] . The same principles can be also stretched to numerical studies [18] , treating each numerical analysis with a different set of levels and variables as a virtual experiment . In the present work the DoE technique was used to assess the effect of the temperature and of the input excitation on the dynamic mechanical response of adhesive mounting accelerometers at different working conditions. Four factors were considered in the analysis, namely:
A previous paper of the authors [8] , analyzed the effect of the frequency and the amplitude on different adhesive bonding, although the chosen levels were different. A crosscheck of the results with the ones obtained in the previous work, will be still possible.
The levels of the excitation frequency have been chosen based on a resonance test on a reference specimen at room temperature. The shaker was excited by a linear sine sweep signal in all the shaker frequency range, i.e. from 0 to 12kH z, with a rate of 1kH z/s. The acquired vibration in time domain is shown in the left part of Fig. 1 , revealing the presence of a resonance peak at 7 seconds. The right part of Fig. 1 shows the corresponding frequency spectrum, fixing the resonance at 7485H z. It is worth noting that the high amplitude at low frequency is not a resonance of the system, but a limit in the performances of the shaker, optimized to work at mid-high frequencies.
Based on the sweep test, the three levels of excitation frequency f are chosen viz. 15 Hz, 3500 Hz, 10000 Hz in order to span the entire range of the accelerometer [19] , taking into account also the non-linear behavior at low frequency. It was decided to consider the low frequency range even though the input signal is not clean for two main reasons. The first reason is that at low frequency we have an higher amount of energy and therefore is interesting to monitor these bandwidth. The second reason is that the desired behavior of the adhesive should not be dependent on the input signal, no matter how bad or distorted is. The values chosen for the excitation amplitude are expressed as a percentage of the maximum amplitude provided by the shaker, i.e. 50% and 100%. The temperature is the core factor of this analysis, so four levels are chosen to better highlight its influence in the tests: 23 • C (room temperature), 40 • C, 60 • C, 80 • C. We decided not to exceed 80 • C since it is practical limit for many rotating machineries driven by electrical motors. Each specimen was stored in the climatic chamber for a proper time before the test, in order to heating up the aluminum specimen checking the surface temperature by means of a infrared thermometer. The adhesive type are the same four used in [8] : G1 is the commercial superglue (Loctite 454), the G2 is an elastic adhesive modified silane (Terostat 939), both produced by Henkel Adhesive, Cerano (NO), Italy. The G3 is a very stiff two components methylmethacrialte adhesive (HBM X60), produced by HBM, Milan, Italy and G4 is a reference configuration in which there is no adhesive but continuum material. A Dynamic Mechanical Analysis (DMA) on the selected adhesives would have been useful, but in literature we could not trace precise information about the viscoelastic behavior of the adhesives chosen. Moreover the adhesive behavior in bulk form and in thin film is pretty different [20] [21] [22] [23] so the eventual information given by a DMA in bulk are not immediately applicable to thin adhesive layers. Qualitatively the adhesives have very different viscoelastic behavior, as retrievable on the basis of the chemistry and on the datasheets of the polymers involved [12, 16, 24] . The stiffer adhesives, which works below the glass transition temperature which is 137 • C for G1 see [10] and about 150 • C for G3, see [9] have limited viscous effect, while the softer one (G2) is quite viscoelastic, since it works in its rubbery state at room temperature [11] . A summary of the variable levels is reported in Table 1 . Each specimen is made by two cylindrical aluminum blocks, connected with a thin layer of adhesive, the lower one is screwed to the shaker, the upper one has a threaded connection for the accelerometer. In the reference configuration (level 4 of "adhesive type" variable in Table 1 ), there is no adhesive between the two blocks but a unique aluminum cylinder with double mass of a single block, in order to keep the same nominal natural frequency. The authors decided to set the adhesive layer thickness at a constant value of 0.05mm and then to exclude it from the experimental plan even though it is important in the adhesive stiffness and strength [12] [13] [14] [15] [16] [17] . The adhesive thickness is typically an uncontrolled parameter in a practical application of a bonded accelerometer and, the thickness is controlled by the surface roughness only. The description of the deposition of the adhesive layer and the curing process is reported in "Experimental Set-up".
A full factorial plan is adopted, with two replicates for each experimental plan. This approach is combined with a blocking procedure to take into account the different bonding of the adherends. The blocking procedure is a useful tool, used in the DoE approach, in order to avoid any influence of the experimental set up or the operator, as described in [17, 18, 25] . Four different temperatures, three frequencies, two amplitudes, four adhesives and two replicates lead to a total amount of 144 experiments on the bonded configuration, which can be used to estimate the influence of the primary variables and the interactions. Further 48 additional experiments on the reference configuration were carried out, leading to a total of 192 experiments. We exploited the software Design Expert in order to build the set of experimental test to be carried out and to randomize the order of the experiments. The software was also used to post process some of the results using mainly an analysis of variance technique (ANOVA).
System Response
The statistical influence of the variables is evaluated in terms of four system responses. The shaker excitation is a sinusoidal wave at a given frequency, therefore the amplitude of the corresponding spectral component is the main output choice. The two main of the outputs of the experiments are:
• Spectral amplitude at excitation frequency (SA) • Percentage of signal energy stored at excitation frequency (SE)
The SA is obtained by applying the Fast Fourier Transform to the vibratory signal, considering the amplitude of the measured signal at the excitation frequency, the SE is the energy of the vibratory signal at the excitation frequency divided by the total energy of the system.
Other two outputs are computed dividing the values of the experimental points by the value of the reference configuration (on average). The block with double mass and no adhesive is taken as reference configuration. These outputs are not dependent on the system configuration and allow the adhesive effect to be compared more efficiently. The two additional parameters are:
The four parameters (SA, SE, SAR, SER) were firstly proposed in [8] .
Experimental Set-up
The experimental set-up consists in the test specimens, a climatic chamber, a small electrodynamic shaker, a monoaxial accelerometer, a data acquisition board and a function generator. Table 2 summarizes the model and the characteristics of the components.
All the specimen blocks are built from a single aluminum bar, with a circular cross section of 10 mm of diameter. Each block is 20mm high, except the reference block that has a double height 40mm, being negligible the adhesive weight. The size of the blocks is chosen to ensure space for the threaded hole, but still keeping enough mass in order to have a stiff specimen. All the blocks have been threaded to be coupled with the shaker head and the accelerometer by means of an adaptor. The blocks were bonded using a jig to maintain alignment between the upper and lower one and a small dead weight (0.1 kg) was used to apply a sufficient pressure to the entire adhesive layer. The adhesive filet is removed with a cutter immediately after the applications, in order to avoid any extra mass and due to the very fast curing (few seconds) of the Loctite 454 and XBM X60. In order to achieve complete polymerization we kept all the joints at room temperature for 48h, to ensure a proper curing of all the three adhesives. The estimated nominal thickness is 0.05mm. The eight specimens (4 adhesive levels and 2 replications), the accelerometer and the acquisition board are shown in Fig. 2 . The shaker is provided with an embedded amplifier, open-chain controlled with 0-1 VRMS signal supplied by a Rigol function generator. The shaker is equipped with an amplitude gain which can be selected by the user, but in this experiment we decided to keep it constant for all the tests. The accelerometer is acquired by means of a NI-9233 board which is specifically designed for IEPE devices. The shaker is fixed to the ground of the climatic chamber, while the shaker body is connected to its fixed frame by vises. In each test the head of shaker moves harmonically with characteristics listed in Table 2 .
The amplitude is not measured in absolute "g" value, but it is expressed by a percentage of the maximum control voltage, i.e. with a Vpeak value of 1V for the 100% of amplitude and 0.5V for the 50% amplitude. The sampling frequency is 50 kHz and the acquisition time is 3 seconds. The acquisition system waits two seconds before starting to avoid acquisition of undesirable transient effects of the shaker. The climatic chamber is home built, made in PVC insulating panels (12mm thick) with two fan heater (600W each) controlled by an Ascon controller. The controller ensures the desired temperature by means of a PT100 thermocouple and implements a threshold control with a mean error of 0.5 • C. The fans, integrated in the heater ensure an uniform temperature distribution in the climatic chamber. Figure 3 shows the final setup of the shaker in the climatic chamber.
Finite Element Model
This section describes a preliminary analysis of the system carried out by means of a finite element modal analysis. The Fig. 2 Experimental specimens, accelerometer and acquisition board aim of the parametric analyzes is to assess the theoretical influence of the adhesive layer on the natural frequencies of the system considered. Four different analyzes were carried out: three different adhesives and the reference configuration are modeled. The finite element modal analyzes are carried out by using Abaqus 6.141 FEA solver. The model is composed by two aluminum blocks with the exact dimensions of the specimen described in the previous sections, bonded by a 0.05mm thick adhesive layer. The mesh continuity guarantees that no contact elements disturb the transition between different materials. The model used for the reference configuration shares the same mesh with the other three bonded models. The accelerometer weight is considered and the threaded connection of the accelerometer is modeled as a perfect contact in each case. The model is implemented with linear hexahedral elements with standard formulation, 1223470 nodes and almost 3.5 million d.o.f. The need of having so much elements is driven by the very low thickness of the adhesive. In order to have undistorted elements in the adhesive layer, which is crucial for the analyzes, we had to force a very refined mesh size in that region. This is a very common problem, as reported by many authors [26] [27] [28] The elastic moduli of the three adhesives are taken by the technical data sheets We considered room temperature for all the adhesives, leaving the evaluation of the temperature effect to the experimental part. The boundary condition applied is to prescribe at 0mm the nodal displacement of the basis, as shown using orange triangles in Fig. 4 in order to be consistent with the experimental tests. The frequency domain is limited to 20kHz, in order to save computational time and do not exceed the experimental limit given by the mini-shaker. As output we can compare the natural frequencies of the bonded models with the frequency obtained using the reference and with the experimental results.
Results and Discussion
Finite Element Model Results
This section describes the finite element model results, showing the effect of the three materials and comparing the natural frequencies with the experimental results. The finite element model results can be qualitatively expressed by the modal form of the system and their natural frequencies. The modal forms of the systems are the same for all the four models and are reported, just for the Loctite 454 case, in Fig. 5 . It is important to note that with adopted linear perturbation analysis, the value of the magnitude is not significant. The most important information is given by the frequencies of these three modal forms. We report in Table 3 the natural frequencies obtained in the four cases. The modal analysis confirms that the peak at nearly 7kHz is due to a natural resonance of the system, as shown in Fig. 1 and it is important to note that this peak is almost not affected by the presence of the adhesive. The softer one and the reference configuration differ only of less than 5%. This first result shows that the presence of the adhesive, thanks to its very low thickness, do not modifies substantially the harmonic behavior of the system, and therefore confirms the previous authors' finding [8] : choosing a general adhesive rather than a specific one does not affect the system behavior. The experimental test will show whether or not the temperature will change this kind of behavior.
Post-Processing of the Experimental Data
The post processing of the vibration data was done in National Instruments' LabVIEW 2016 environment. In order to avoid transient effect on the acquisition, the tails of the vibration signal are removed, i.e. 0.5 seconds at the beginning and at the end of the signal are removed from the 3 second of acquired data. The resulting 0.5 Hz of spectrum resolution allows to clearly match the excitation frequencies. The system response if computed by means of the power spectrum of the vibration data, as reported in Eq. 1.
where F F T (x) is the fast Fourier transform (FFT) of vibration data, while the F F T * denotes the complex conjugate and n is the length of samples array. In an ideal condition, the sine input of the shaker -measured by the accelerometer -returns a single peak as output in the frequency domain, at the excitation frequency f ex . An interesting comparison among different adhesive type is made on two scalar output parameters (despite connected):
• The amplitude of the power spectrum at the excitation frequency (SA).
• The ratio between the amplitude of the spectrum at the input frequency and the total energy of the acquired vibration signal (SE).
The choice of these parameters follows a simple reasoning: SA is what is usually measured in experimental activity, i.e., it is a measure of absolute value depending of the energy at input source, while SE returns the quality of the acquired signal independently of the energy of input source. A further consideration is given by The Parseval's theorem, regarding the choice of the power spectrum instead of a simple spectrum. In fact, the theorem states that the total energy contained in a time-domain waveform is equal to the total energy of the waveform' spectrum. The equality is reported in Eq. 2.
It follows that the total energy of the signal can be computed as a simple sum of power spectrum components.
Two other outputs are computed dividing the values of the experimental points by the value of the reference configuration (on average), as mentioned in "System Response". The two parameters are named SAR and SER since they are derived from the SA and SE values respectively.
Statistical Analysis of the Results: Analysis of Variance
There are many statistical methodologies to tackle the analysis of multivariate problems [29] . Among these we adopted the Design of Experiment (DoE) procedure, a powerful statistical technique based on the analysis of variance (ANOVA) that can be conveniently applied to these classes of problems. ANOVA is based on the variance calculation (standard deviation) of a response considering the single variable and also the global variance of the responses. The ratio between these two quantities is called the F-value [29] . When we consider a random process this F-value equals one, meaning that the variable under analysis has no tangible effect on the selected response, since it behaves the same way as the experimental noise for practical test or numerical error for parametric simulation. On the contrary a larger F-value means can be associated to a variable that influences the process. Among the several approaches typically used to represent the results graphically one of the most popular is the normal plot. It is used mainly to demonstrate which are the main consequences of the variables on the system response, estimating whether a certain set of data follows a Gaussian distribution or not. When the data are approximately a straight line the response is statistically "normal" i.e. follows a stochastic law. When the selected variable strongly affects the system response its effect, reported in the normal plot, will then fall outside the normal distribution line. This line, also called errors line is built up thanks to the replicates of the experimental tests which have the variability typical of the experiment considered and their effect has a normal distribution. The replicates of the experiments are therefore important because they are used to build the error line because they are ruled by a stochastic law by definition. The greater the deviation of the point from the normal line the larger the confidence interval (i.e. the probability that the variables are significant is higher). In this paper we adopted the half normal plot, which behaves in the same way as the normal plot, but considers only the absolute significance of the variables and not their sign. Figure 6 shows the half-normal probability plots from an ANOVA following [17] . The analysis was performed on two outputs of the problem (system response) described in the previous subsection. Figure 6 shows the SA, Fig. 7 the SE. In Figs. 6 and 7 on the X-axis is represented the standardized effect linked to each factor considered. The higher the standardized effect, the greater the influence of the variable on the response. The Y-axis represents the halfnormal probability associated with each effect. The greater the Y value the higher the probability that the effect has an influence on the problem. The solid line is the error Fig. 7 Half normal plot of the SE, with a power law transformation applied line, which is obtained by interpolation of the replicates of the tests, represented by triangles, and also the high order interactions of the variables, represented by the squares, which do not play any role on the system response. The points that fall off the error line represent the factors that mainly affect each response. Figures 6 and 7 show that the frequency and the amplitude have the strongest influence both on SA and SE. The effect of the frequency is the most relevant both for SA and SE. It must be noted that we applied a transformation to the selected variables, in order to normalize the data. This linearization, called BoxCox transformation, is strongly recommended [18] when there is the need of dealing with experimental set of data by means of ANOVA technique, which gives better prediction for linear problems. In Fig. 6 the effect of the variables are reported applying an inverse square root transformation and in Fig. 7 we have SE raised to the power of 2.2. The amplitude is relevant in both cases, while the interaction between frequency and amplitude is more important for SE than SA. The half normal plots of the SAR and SER are reported in Figs. 8 and 9 respectively. These Figures show that dividing SA and SE by the reference configuration causes two different behaviors.
Half-normal plot of the response
The SAR chart Fig. 8 shows a strong dependence on the temperature (D) and on the interaction between frequency (A) and temperature (AD). The amplitude of the signal disappears when compared with Fig. 6 . The SER chart Fig. 9 shows a more complex situation. In this case the amplitude and the frequency are important as it happens for the SE as shown in Fig. 7 and in addition the temperature plays a secondary but still relevant role. 
Variable interactions and relevance
Two main comments can be drawn by the graphs in Figs. 6, 7, 8 and 9. The first one is that the adhesive type is not relevant compared with the other variables. This is the most important finding of this research since it tells us that no matter the adhesive stiffness and the adhesive strength the bond between the excitation base and the accelerometer base is enough to transmit a correct signal. Therefore we can choose the most suitable adhesive according to other consideration such as cost, simplicity, availability and ease of application. The second important consideration is that the temperature somehow is relevant for SAR and SER. This means that it could be important to monitor the temperature as well as the vibration if we want to be sure of taking into account all the possible sources of variations. In order to show the direct influence on the four system response of the selected variables we can take advantage of the following Fig. 12 Effect of the main variables on SAR graphs. Figure 10 shows that the system has larger value of SA with increasing frequency and amplitude. These two variables present an interaction clearly visible due to the divergence of the two interpolating lines. The points in the graph represent the experimental results obtained and it is visible the good repeatably and the scarce significance of the other variables. Figure 11 shows a completely different situation. The main effect on SE is at the lower frequency, where we can see a difference due to the amplitude. It must be noted that the mini-shaker at 15 Hz shows some issues, as reported in Fig. 1 . We did not expect a behavior like that, therefore we are investigating on this problem, to see if the behavior is due to the noise at low frequency. The SE parameter describes how many portion of the system's energy is transmitted at a given frequency with respect to the total one. Probably, the non linearities at low frequencies make the SE response sensible to the amplitude. It is worth noting that anyway no sign of a significant influence of the adhesive nor the temperature can be found as well. Disregarding the data at 15Hz would lead to a substantial independence of SE on the other variables. Figure 12 shows the effect of the temperature and of the frequency on the SAR. In this case, in order to show the actual values we did not apply the Box-Cox transformation as we did in Fig. 8 . The Fig. 12 shows three curves, as a function of the test temperature. The red squares represent the 15Hz tests, the green triangles depict the 3500Hz tests and the blue dots the 7000Hz tests. The adhesive and the amplitude have no effect, but they appear only as the error bars in the the three curves. As for the SE the SER results, shown in Fig. 13 is affected by the results at 15Hz. We Fig. 13 Effect of the main variables on SER can easily spot a difference in the the two amplitude and frequencies as a function of the temperature, but it is much more evident at 15Hz rather than at the other frequencies. It is useful to highlight that, even though there is some noise at 15Hz, the experimental tests show a clear absence of the adhesive in each statistical analysis performed. This is the main outcome the authors wanted to find out and therefore the conclusion is that the bonding do not change the vibratory signal from the source to the sensor, even considering soft adhesive such as the Terostat 939 or when the test temperature increases up to 80 • C.
Conclusion
This paper focuses on the effect of temperature on the frequency response function (FRF) of three different structural adhesives, namely a stiff two component methylmethacrylate (HBM X60), a soft modified silane (Terostat 939) and a cyanoacrylate superglue (Loctite 454). The methylmethacrylate is commonly used in strain gage application and accelerometers setup in on-field environments due to its stiffness. The cyanoacrylate is the most used in accelerometers setup for diagnostics purposes in laboratory due to its fast polymerization time. The silane is a general purpose adhesive chosen for its different structural characteristics compared to the other two. They have been used to joint two aluminum cylinders, one connected to an accelerometer and the other to the head of an electromagnetic shaker. A reference additional experiment has been carried on a double-weight aluminum base, simply obtained using a continuum block of double length without any adhesive. The experimental setup is placed inside a climatic chamber providing a selectable temperature up to 80 • C. The shaker provides a sinusoidal vibration in terms of acceleration at different combinations of frequency and amplitude, as summarized in Table 1 . A monoaxial accelerometer is used to acquire the feedback vibration signal which has been processed to compute four different parameters assessing the dynamic response of the structure. The output parameters are all computed through the power spectrum of the vibratory signal.They are: SA, i.e the amplitude of the spectrum at the shaker excitation frequency , SE, i.e the ratio between SA and the total energy of the signal, SAR and SER i.e. the values of SA and SE for a given adhesive compared to the corresponding values in the reference condition. The numerical model developed shows that the presence or absence of the adhesive layer does not modify or disturb the natural frequency of the system.
A design of experiments (DOE) approach was used to extract the main conclusions which are summarized as follows:
• Frequency and amplitude have the strongest influence on both SA and SE • The temperature has a strong influence on SAR • The SER is influenced by the frequency, the amplitude and the temperature • The amplitude and temperature have an evident effect on the SA • No sign of a significant influence of the adhesive nor the temperature can be found on SE, SAR and SER Above them two results are can be used as design guidelines: no matter the adhesive stiffness and the adhesive strength the bond between the excitation base and the accelerometer base is enough to transmit a correct signal. Therefore the most suitable adhesive can be chosen according to other consideration such as cost, simplicity, availability and ease of application. The temperature somehow is relevant for SAR and SER. This means that it could be important to monitor the temperature as well as the vibration if we want to be sure of taking into account all the possible sources of variations.
